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The bowel mucosa is constantly exposed to numerous antigenic substances, especially food derived proteins in the jejunum and microbial products in the colon. In order to maintain the integrity of the intestinal epithelium, the gut associated immune system must develop eYcient responses against pathogenic microorganisms and prevent sensitisation to food antigens and commensal microbial flora. Cytokines locally produced by T lymphocytes probably play critical roles in the complex regulation of immune and non-immune responses at the intestinal level. Indeed, interferon (IFN-) was found in some studies to be constitutively expressed by human intraepithelial 1 or lamina propria lymphocytes 2 3 or both, 4 and to control basic physiological functions of the intestinal epithelium, including the secretion and uptake of electrolytes 5 and the transport of potentially protective immunoglobulins. 6 Interferon is endowed with proinflammatory properties and its synthesis and action are usually tightly controlled. 7 Interleukin 10 (IL-10) and IL-4 are two major candidates for such regulatory control of IFN-. 8 The inflammatory bowel disease occurring in IL-10 deficient mice indicates that a major physiological role of IL-10 is to prevent the development of intestinal inflammation. 9 Although IL-4 was found to be synthesised by lamina propria intestinal lymphocytes after in vitro polyclonal activation, 10 11 the secretion of this cytokine in the gut under physiological conditions is a matter of controversy. 12 13 In the present study, we used a sensitive enzyme linked immunospot technique (ELISPOT) to enumerate IFN-secreting cells (SC) and IL-4 SC among intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL) directly obtained from normal biopsy specimens of duodenum and right colon. As higher numbers of IFN-SC and IL-4 SC were found in the duodenum than in the colon, further experiments to characterise the T cell population responsible for the spontaneous synthesis of these cytokines in the gut associated immune system were conducted on duodenal biopsy specimens.
Materials and methods

PATIENTS AND SAMPLES
Intestinal biopsy specimens were obtained from 33 control adult patients (mean age 49 years, range 33-66) undergoing intestinal endoscopy for investigation of dyspeptic complaints or for cancer screening. Duodenal biopsy specimens from 19 patients and right colonic biopsy specimens from 14 patients were analysed. Only the specimens taken from macroscopically unaVected mucosa and with no evidence of microscopic inflammation after histological analysis were included in this study. For each patient, seven biopsy specimens were taken, and transported within one hour in Ca The biopsy specimens were first extensively washed in Ca ++ /Mg ++ free HBSS containing 0.02% penicillin-streptomycin and 40 µg/ml gentamycin. Epithelial cells (IEL and enterocytes) were then obtained using a modification of a previously described protocol.
14 Briefly, the biopsy specimens were incubated for one hour under stirring at 37°C with 1 mM EDTA (Sigma Chemical Co., St Louis, Missouri, USA) in Iscove's medium (Gibco) supplemented with 40 µg/ml gentamycin, 10% fetal calf serum (FCS), and 50 µM 2-mercaptoethanol. Extracted cells (IEL plus enterocytes) were collected by decanting them after tissue fragments had settled; they were washed once in HBSS at 600 g for 10 minutes, and resuspended in supplemented Iscove's medium. Histological examination of the remaining fragment revealed that the villous and lamina propria structures were still preserved at that time.
Subsequently, lamina propria cells were obtained by a standard procedure in which the remaining biopsy fragments were first cut into approximately 1 × 1 mm fragments and then incubated while stirring at 37°C for 45 minutes in Iscove's medium with 1 mg/ml collagenasedispase (Boehringer Mannheim, Mannheim, Germany). 2 The undigested tissue was separated from the cell suspension by sedimentation and the cells were resuspended in supplemented Iscove's medium after being washed at 600 g for 10 minutes.
For both suspensions, the numbers of mononuclear cells (MNC) were counted under a Bürker chamber, and the percentage of lymphocytes was estimated by counting them on May-Grünwald Giemsa (azur-eosinemethylene blue solution) stained cytospin smears. On average, the dispersion procedure yielded 3.7 × 10 6 nucleated cells (range 1. Briefly, individual wells of nitrocellulose bottomed 96 well millititre HA plates (MAHAN 4550, Millipore, Eschborn, Germany) were coated at 37°C for three hours with 100 µl of a 10 µg/ml solution of anti-IFN-(clone 1/D1K) or anti-IL-4 (clone 82-2). After the plates were washed five times with phosphate buVered saline (PBS), blotted dry, blocked with 100 µl/well PBS containing 1% (wt/vol) bovine serum albumin (BSA), 10% FCS, and 2% (wt/ vol) milk powder for one hour at 37°C, washed again five times with PBS, and blotted dry again, 100 µl of diVerent concentrations of cell suspensions (5 × 10 4 to 20 × 10 4 MNC/well) in complete medium was added into the coated wells. The plates were incubated in 5% CO 2 for 20 hours at 37°C. After incubation, the plates were thoroughly washed 10 times with PBS-0.05% Tween 20 to remove the cells, and then incubated for three hours at room temperature with 100 µl/well of biotinylated anti-IFN-(3 µg/ml; clone 7/B6/1) or anti-IL-4 (1 µg/ml; clone 12-1) in PBS-Tween. After washing the plates at least five times with PBS-Tween, extravidin-horseradish peroxidase (Sigma; 2 µg/ml in PBS-0.05% Tween) was added for one hour. After washing five times with PBS, the enzyme-substrate solution was added (3-amino-9-ethylcarbazole, AEC; Sigma). Spots appeared after a few minutes, and the reaction was stopped by briefly washing the plates with tap water. Spots were counted under low magnification (×40) /ml in Iscove's medium supplemented with 10% FCS and prestimulated with phorbol myristate acetate (PMA; 10 ng/ml; Sigma) and calcium ionophore A23187 (100 ng/ml; Eurobiochem, Belgium) in the presence of brefeldin A (10 µg/ml; Sigma) for four hours at 37°C in a humidified incubator at 5% CO 2 . For each sample to be analysed (100 µl of cell suspension), 5 µl of anti-CD3 or anti-CD8 (Becton Dickinson) was added, incubated for 20 minutes (4°C), and washed, followed by incubation with 80 µl of reagent A (Fixation Medium, Cell Permeabilisation Kit, AN DER GRUB, Austria) (15 minutes at 20°C). Reagent B (80 µl; Permeabilization Medium) was then added with 5 µl of anti-IFN-(clone 25723.11, Becton Dickinson), and the mixture was incubated for 15 minutes at 20°C; control isotypes were tested in parallel. Cells were finally resuspended in PBS for immediate analysis by flow cytometry (FACScan, Becton Dickinson). Lymphocytes were gated by forward sideward scatter light and by gating for CD3 + T cells.
STATISTICAL ANALYSIS
Tests for significance of diVerences were performed using the Mann-Whitney U test.
Results
PHENOTYPIC CHARACTERISATION OF IEL AND LPL
SUSPENSIONS
FACS analysis was used to enumerate CD4 + , CD8 + , and CD69 + cells among CD3 + lymphocytes retrieved from the epithelium (IEL) and the lamina propria (LPL) of normal duodenum and colon. Most CD3 + cells, both among IEL and among LPL, expressed the early activation antigen CD69, especially in the duodenum. However, the phenotypic features of CD3 + IEL were slighly diVerent in the colon compared with the duodenum as the proportion of CD4 + IEL was higher within the colonic mucosa (table 1) . As assessed by a two site reverse ELISPOT technique, significant numbers of cells spontaneously secreting IFN-and/or IL-4 were found among intestinal cell suspensions (fig 1) . The proportion of secreting cells was always significantly higher among duodenal lymphocytes than among colonic lymphocytes for both cytokines (IFN-or IL-4) and for the two sites (IEL or LPL) considered. Whereas 3.6% of IEL and 1.9% of LPL secreted IFNamong duodenal lymphocytes, only 0.2% of colonic lymphocytes, both IEL and LPL, spontaneously secreted IFN-. Interleukin 4 was spontaneously secreted by 1.3% of IEL and by 0.7% of LPL in the duodenum, and by only 0.1% of colonic lymphocytes (IEL and LPL).
In the duodenum, the numbers of IFN-SC were significantly higher than the numbers of IL-4 SC both among IEL and LPL (IEL: p<0.001; LPL: p<0.05) (fig 1) . The ratio (median) between IFN-SC and IL-4 SC was 3.25 (range 0.7-23) among IEL and 1.90 (range 0.4-33) among LPL, indicating that the physiological balance comprises a higher number of IFN-SC compared with IL-4 SC in the majority of healthy individuals, even though there is a wide individual variation in the numbers of cytokine SC.
In contrast to the intestinal lymphocytes, the numbers of cells spontaneously secreting IFN-among PBMC were extremely low (median 12 per 10 5 cells, range 1-27) while IL-4 SC were undetectable. The secretion of cytokines by intestinal lymphocytes in the absence of any added exogenous stimulus was not induced by the cell dispersion procedure as treatment of PBMC with EDTA and collagenase-dispase did not modify the numbers of IFN-and/or IL-4 SC (data not shown).
To determine whether the ex vivo secretion of cytokines requires de novo protein synthesis, experiments using cycloheximide (CHX) were performed. Addition of CHX (100 µg/ml; Sigma Chemical Co.) for four hours before and during the incubation in the ELISPOT plates reduced the numbers of IFN-SC and IL-4 SC by only 12-39% compared with the control without CHX (table 2) . In contrast, the numbers of IFN-and/or IL-4 SC among PBMC stimulated with PHA (10 µg/ml; Wellcome, Murex Diagnostics Limited, Dartford, UK) were reduced by more than 90% in the presence of CHX (data not shown). Taken together, these data indicate that de novo protein synthesis is not required for the in vitro detection of cytokine SC among intestinal cells, suggesting that most cytokine synthesis occurred in vivo.
IFN-AND/OR IL-4 SECRETION BY INTESTINAL LYMPHOCYTES IN RESPONSE TO IN VITRO POLYCLONAL STIMULATION
To determine whether in vitro activation of the cells could further increase the numbers of detectable cytokine SC, duodenal cell suspensions from three patients were either directly processed within the ELISPOT plates or stimulated in vitro with PMA and calcium ionophore A23187 (10 ng/ml and 100 ng/ml respectively) before and during the ELISPOT procedure. Preliminary experiments have shown that optimal in vitro activation of the cells required a four hour preincubation with the stimulant. Results shown in table 3 indicate that the numbers of IFN-SC were significantly increased by an in vitro polyclonal activation of the cells, both within IEL and LPL. In contrast, the numbers of IL-4 SC did not increase after in vitro polyclonal stimulation. Control experiments performed on cells preincubated for four hours in the absence of any stimulation showed undetectable or very low numbers of spontaneous cytokine SC compared with cell suspensions directly processed within the ELISPOT plates, further suggesting that most cytokine synthesis detected in the absence of in vitro stimulation reflects the in vivo situation.
PHENOTYPIC CHARACTERISATION OF CYTOKINE SECRETING CELLS
The phenotype of the intestinal cells spontaneously secreting cytokines was characterised by applying the ELISPOT technique on intestinal cell suspensions depleted or enriched in diVerent subpopulations by using immunomagnetic beads coated with monoclonal antibodies. In preliminary experiments, combined removal of CD4 + and CD8 + cells from the intestinal MNC suspensions resulted in the disapperance of Results shown for IFN-and IL-4, for IEL and LPL, and for the three diVerent experimental protocols were obtained from diVerent cell suspensions and are representative of one of three diVerent experiments (untreated/depleted) for each set of data. Cytokine secretion was analysed by the ELISPOT technique which has already been extensively used in animal studies, and which was previously used in humans mainly to analyse IFN-secretion. 2 16 This technique is very sensitive. However, there is no direct correlation between the numbers of SC detectable by ELISPOT and the total amount of cytokine secreted as the spot's size is quite heterogeneous depending on the amount of cytokine released by an individual cell (unpublished data). Although the ELISPOT procedure allows the enumeration of cytokine secreting cells on an ex vivo basis, it is likely that the data obtained reflect the in vivo setting, as inhibition of protein synthesis ex vivo only partially reduced the numbers of cytokine secreting cells.
Figure 2 Dot plots from three colour flow cytometric analysis for anti-IFN-on CD3
Results + LPL and the majority of IEL express the CD45RO variant of the leucocyte common antigen. 15 18 However, cell depletion experiments suggested that among IEL, IFN-is not exclusively secreted by CD4 + cells but also partially by CD8 + lymphocytes. As the cytotoxic functions of IEL have clearly been shown, especially in animal studies, 19 IFN-synthesised by CD8 cytotoxic T cells could synergise in the killing of virus infected epithelial cells. In contrast to the spontaneously secreted cytokines, the proportion of IFN-synthesised by CD8 + lymphocytes was more important in response to in vitro polyclonal activation, especially among IEL.
Cells spontaneously secreting IFN-and IL-4 were also identified among colonic lymphocytes, but the numbers of cytokine SC within the colon were significantly lower than within the duodenum, contrasting with the much more abundant flora at this site. The higher percentage of CD4 + lymphocytes in the colonic compared with the duodenal epithelium might also have led to the assumption that a greater percentage of cytokine SC would be present in the colonic epithelium, but this was not the case. However, some caution is needed in the interpretation of the phenotypic analysis of colonic mucosa due to possible contamination by cells from lymphoid follicles. 20 The presence of significant numbers of cells spontaneously secreting cytokines among intestinal lymphocytes suggests that at least a proportion of them are in a constant state of immune activation, especially among duodenal IEL. From data in tables 1 and 4 we may extrapolate the proportion of cytokine SC among the CD4 + IEL. This proportion is up to 20% for IFN-(considering that 65% of IFN-SC are CD4 + cells) and up to 11% for IL-4 (considering that CD4 + cells are the main source of IL-4). CD69 expression on the vast majority of duodenal lymphocytes and on a high proportion of colonic lymphocytes suggests that antigen stimulation in the gut is persistent or very frequent, since CD69 expression on the surface of T cells has been shown to be rapidly lost if the stimulus is withdrawn. 21 HLA-DR expression has also been reported on most duodenal IEL suggesting that these cells are activated in vivo. 22 However, the expression of these activation markers on the majority of intestinal lymphocytes, especially duodenal IEL, is in contrast to the proportion of cells spontaneously secreting cytokines and to the numbers of intestinal lymphocytes expressing IL-2 receptor (CD25 + ) as a marker of T cell activation. In normal conditions, CD25 antigen is not expressed on IEL 22 and is only expressed on few lamina propria T cells. 23 These data suggest that cytokine secretion and CD69 expression at the cell surface measure qualitatively distinct properties of activated cells. Signalling requirements for the induction of cytokine synthesis might be more stringent than those required for the induction of CD69 expression. In this way, cells that are partially activated might express CD69 but fail to go on to cytokine synthesis as it has been previously reported that not all CD69 + lymphocytes go on to proliferate. 24 Nevertheless, these cells are capable of rapid activation of cytokine secretion once appropriate signals are received, as shown by the rapid increase in the numbers of IFN-SC after short in vitro activation with PMA plus A23187.
The precise biological role of the continuous in vivo cytokine production by a relatively high proportion of intestinal lymphocytes is not known. The presence of a significant proportion of lymphocytes containing IFN-in the small bowel mucosa has already been reported by others but this was generally determined by immunohistochemical methods or by cytokine mRNA detection and therefore did not necessarily reflect protein secretion. 1 3 4 The detection of IL-4 mRNA and protein was only very recently reported by Beckett et al 13 in the normal human jejunal lamina propria. By using the ELISPOT technique, we were able to enumerate cells spontaneously secreting IFNand/or IL-4 and to determine the ratio between IFN-SC and IL-4 SC, IL-4 producing cells being three times less numerous than IFN-SC. However, we were not able to determine whether activated T cells were producing both IFN-and IL-4, or whether each cytokine was produced by a diVerent T cell subset. The balance between the numbers of IFN-SC and IL-4 SC in the intestinal mucosa might be quite important for normal intestinal homoeostasis as the relative frequencies of these cells might determine the isotype of specific responses induced by exogenous antigens occurring in mucosal tissue. 25 In contrast, disturbance of the ratios between these numbers could play a role in the pathogenesis of certain gastrointestinal diseases as these cytokines probably play a role both in control of the physiological functions of the epithelium, and in regulation of the immune response. The normal expression of MHC class II antigens by small bowel enterocytes, compared with their absence on colonic enterocytes, could be a consequence of the T cell secretion of IFNby a high proportion of duodenal CD4 + lymphocytes and only by a low number of colonic CD4 + lymphocytes. 26 27 In summary, we have shown that the majority of intestinal T cells express activation markers under physiological conditions and that a significant proportion of them spontaneously secrete IFN-and/or IL-4, especially within duodenal epithelium. These cytokines are probably involved in normal homoeostasis of the human intestinal mucosa and disturbances of the ratios between these two cytokines could play a role in the pathogenesis of gastrointestinal diseases.
